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Biological context

The protein DLM-1 (also called Z-DNA binding protein 1, ZBP1) is the product of the 

dlm-1 gene. The dlm-1 gene was initially isolated and identified using the RNA differential 

display technique where they found that it was highly up-regulated in the peritoneal lining 

tissue of mice bearing nearby ovarian tumors and in activated macrophages (Fu et al. 1999). 

DLM-1 was proposed to play a role in host defense against tumors, although its precise 

function was unknown (Fu et al. 1999). In 2001, the N-terminal domain of mouse DLM-1 

(ZαDLM-1) was co-crystallized with left-handed Z-DNA (PDB ID 1J75) (Schwartz et al. 

2001). The complex structure revealed that ZαDLM-1 is structurally similar to the Zα domain 

of double-stranded RNA adenosine deaminase ADAR1 (ZαADAR1), the first crystal 

structure of a protein bound to left-handed Z-DNA (PDB ID 1QBJ) (Schwartz et al. 1999), 

although they only share about 35% amino acid sequence identity (Schade et al. 1999; 

Schwartz et al. 1999). Human ADAR1 and its chicken homologue have also exhibited high 

Z-DNA binding affinity (Herbert et al. 1997; Herbert et al. 1995). In 2007, DLM-1 was 

found to be an innate immune activator, capable of sensing cytosolic DNAs exposed in a 

cell by infection or by incomplete clearance during cell damage (Takaoka et al. 2007). In 

response to foreign DNA, DLM-1 can activate type I interferon (IFN) and other genes 
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involved in innate immunity. Therefore, this protein was alternatively named DAI (DNA-

dependent activator of INF-regulatory factors) in light of its newly revealed cellular 

biological function. For consistency, this protein (DLM-1/ZBP1/DAI) will be referred to as 

DLM-1 in this structure note report.

Full length DLM-1 contains four domains (Rothenburg et al. 2002): two tandem homologs 

of Z-DNA binding domains, ZαDLM-1 and ZβDLM-1, followed by a B-DNA binding domain, 

and a C-terminal domain. The mechanism of DLM-1 activation has been well studied after it 

was identified as the first innate immune activator that senses cytosolic DNA. By binding to 

double-stranded DNA with its N-terminal domains, DLM-1 enhances its intermolecular 

associations with the IRF 3 (IFN regulatory factor) transcription factor and TBK 1 (Tank 

binding kinase) serine/threonine kinase with its C-terminus (~100 amino acids) (Takaoka et 

al. 2007). Further studies showed that all three DNA-binding domains are required for full 

activation of DLM-1 in vivo, and the dimerization of DLM-1 has been suggested to result in 

activation of the immune response at the molecular level (Wang et al. 2008). At the cellular 

level, the localization of DLM-1 and its association with stress granules is regulated by Z-

DNA binding domains (Deigendesch et al. 2006; Pham et al. 2006).

To date, mouse ZαDLM-1 (Schwartz et al. 2001) and human ZβDLM-1 (Ha et al. 2008; Ha et 

al. 2006; Kim et al. 2011) have been characterized in structural studies. The complex crystal 

structure of mouse ZαDLM-1 bound to Z-DNA revealed that ZαDLM-1 adopted a winged 

helix-turn-helix fold with an α/β architecture consisting of three α-helices and three β-

strands, very similar to Z-DNA binding protein human ZαADAR1. Both structures exhibited 

a common conserved domain core, and a protein-Z-DNA interface, which specifically bind 

Z-DNA by way of conserved positively charged and polar residues that play critical roles in 

recognition of the zig-zag conformation of the Z-DNA phosphodiester backbone (Schade et 

al. 1999); (Schwartz et al. 2001; Schwartz et al. 1999). NMR spectroscopy revealed that 

ZαADAR1 is also capable of binding B-DNA and then converting it to Z-DNA, which 

suggested an active B-Z DNA transition mechanism (Kang et al. 2009). Further studies on 

ZαADAR1 indicated that it binds Z-DNA using a distinct conformation in a highly flexible 

region of the protein, the β1-loop-α2 segment, and that ZαADAR1 undergoes conformational 

change as it binds B-DNA with lower affinity compared to with Z-DNA (Lee et al. 2012). 

As a homolog of ZαDLM-1, human ZβDLM-1 has a similar structural fold, but shows 

significant variation in the sequence of the residues that are essential for Z-DNA binding 

(Ha et al. 2008). In addition, chemical shift perturbation experiments using NMR 

spectroscopy revealed that ZβDLM-1 binds weakly to B-DNA (Kim et al. 2011). The solution 

structure of the N-terminal domain of the vaccinia virus E3L also exhibited a structural 

similarity to human ZαADAR and mouse ZαDLM-1 and exhibited Z-DNA binding affinity 

(Kahmann et al. 2004).

The human cancer pathway protein interaction network (HCPIN) was constructed by the 

Northeast Structural Genomics Consortium (NESG) (Huang et al. 2008) to identify proteins 

relevant to cancer biology as targets for three-dimensional structural determination. DLM-1, 

initially identified as a gene product up-regulated in murine stromal cells lining tumors, was 

one of the HCPIN proteins targeted for structure determination by NESG. Although the 

structure of mouse ZαDLM-1 bound to Z-DNA has been characterized, the three-dimensional 
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structure of free human ZαDLM-1 has not been previously reported. The proteins share only 

66% sequence identity. In this study, we cloned the DNA encoding human ZαDLM-1 (6–74) 

on chromosome 20 orf183, and solved its solution structure by NMR. The structure 

exhibited similarity to its mouse counterpart in complex with Z-DNA, and has a 

corresponding binding surface for Z-DNA.

Methods and results

Protein expression, purification and NMR samples preparation

The DNA encoding human ZαDLM-1 (6–74) was cloned into an NESG-modified pET15 

expression vector derivative with a short N-terminal hexaHis affinity purification tag 

(MGHHHHHHSH) (Acton et al. 2005). Following NESG standard protocols (Acton et al. 

2011), ZαDLM-1 was expressed and purified to prepare U-13C, 15N (NC) and U-15N, 5% 

biosynthetically-directed 13C (NC5) samples. NMR samples were purified using an 

ÄKTAxpress (GE Healthcare) with a Ni-affinity column (HisTrap HP IMAC column, 5 ml) 

followed by gel filtration chromatography (HiLoad 26/60 Superdex 75). The protein was 

concentrated to 1.0 mM in the NMR buffer containing 10% v/v D2O: 20 mM 2-(N-

morpholino)ethanesulfonic acid (MES), 100 mM NaCl, 5 mM CaCl2, 10 mM DTT, 50 μM 

DSS, and 0.02% NaN3 at pH 6.5. A D2O-exchanged sample was prepared for HD exchange 

experiments by freezing the NC sample followed by lyophilization and resuspension in 

99.9% D2O (Acros Organics).

NMR spectroscopy data collection and assignments

NMR experiments were carried out at 298 K on a Varian Inova 600 MHz spectrometer with 

a 5-mm HCN cryogenic probe and Bruker Avance III 850 MHz spectrometer equipped with 

a conventional room temperature 5-mm HCN probe. 1H, 13C and 15N chemical shifts were 

assigned from conventional triple-resonance spectra on NC sample including 2D 1H-15N 

HSQC and 1H-13C HSQC (aliphatic and aromatic), 3D HNCO, HNCA, HN(CO)CA, 

HNCACB, CBCA(CO)NH, HBHA(CO)NH, HC(C)H-COSY, HC(C)H-TOCSY and 

(H)CCH-TOCSY. Stereospecific isopropyl methyl assignments for all Val and Leu amino 

acids were deduced from characteristic cross-peak fine structures in a high-resolution 

2D 1H-13C HSQC spectrum of NC5 sample (Neri et al. 1989). To obtain the NOE-based 

distance restraints required for the structure calculation, four NOESY spectra including 

3D 15N-edited NOESY-HSQC and 13C-edited NOESY-HSQC (optimized for aliphatic or 

aromatic carbons) on the NC sample, and an additional 4D 13C-13C-HMQC-NOESY-

HMQC on D2O exchanged sample (99.9% D2O) were collected with a 70 ms mixing time. 

These NOESY spectra were also analyzed to confirm side chain 1H assignments. All NMR 

data were processed using NMRPipe and analyzed with the Sparky program. 2D 1H-15N 

HSQC spectrum of human ZαDLM-1 was well dispersed and almost completely assigned 

(Fig. 1). Final 1H, 13C and 15N chemical shifts were deposited in the BioMagResBank 

(BMRB ID 18158).

Residual dipolar coupling

Backbone 1H-15N residual dipolar couplings (RDCs) for human ZαDLM-1 were measured on 

isotropic and aligned NC5 samples in 2D J-modulated spectra on a Varian Inova 600 MHz 
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spectrometer at 298 K (Tjandra et al. 1996). The protein was partially aligned in two 

alignment media C12E5 polyethylene glycol (PEG) and a positively charged polyacrylamide 

gel (Hansen et al. 1998; Ruckert and Otting 2000). In total, 95 RDC restraints (49 from PEG 

and 46 from gel) were used for the structure calculation and refinement calculations.

NMR structure calculation and refinement

NOE-based inter-proton distance restraints were determined automatically for ZαDLM-1 

using CYANA 3.0 (Guntert 2004). Input for CYANA consisted of chemical shift 

assignments, NOESY peak lists from four NOESY spectra with peak intensities, the 

restraints for backbone phi (ϕ) and psi (ψ) torsion angle derived from chemical shifts of 

backbone atoms using the TALOS+ software program (Shen et al. 2009), and RDC 

restraints determined in PEG and gel aligned samples. Manual and iterative refinements of 

NOESY peak picking lists were guided using NMR RPF quality to assess “goodness of fit” 

between calculated structures and NOESY peak lists (Huang et al. 2005). Towards the end 

of the iterative structure calculation process, 22 x 2 hydrogen bond restraints for the NH-O 

and N-O distances were introduced based on identification of proximity of potential donors 

and receptors in early structure calculations and after confirmation from slow amide proton 

exchange based on HD exchange measurements. The 20 lowest energy structures calculated 

by CYANA 3.0 were further refined using restrained molecular dynamics in explicit water 

CNS 1.2 (Linge et al. 2003) and the PARAM19 force field, using the final NOE-derived 

distance constraints, TALOS-derived dihedral angle restraints and RDC restraints. The final 

NMR ensemble of 20 structures has been deposited in the Protein Data Bank (PDB ID 

2LNB). The final restraints for structure calculation and refinement including NOE_based 

distance restraints, hydrogen bond restraints, dihedral angle restraints and RDC restraints 

have also been deposited in PDB and BMRB. Structural statistics and global structure 

quality factors were computed using PSVS version 1.4 (Table 1) (Bhattacharya et al. 2007).

Solution structure of human ZαDLM-1

Human ZαDLM-1 has a molecular weight of 9.0 kDa (including the 10-residue N-terminal 

tag). Analytical static light scattering measurements in-line with gel-filtration 

chromatography indicated that it was a monomer under the conditions used in the NMR 

experiments. In addition, the estimated overall isotropic rotational correlation time (τc) of 

5.6 ± 0.5 ns, determined at 298 K based on 15N relaxation times measured from 1D 15N-

edited T1 and T2 experiments (Kay et al. 1989), was consistent with a 9 kDa protein, 

confirmed its monomeric state. The chemical shift dispersion of the amide resonances in 

both 1H and 15N dimensions was characteristic of a folded protein in solution (Fig. 1).

The extensive and accurate assignment of the backbone and side chain 1H, 13C and 15N 

chemical shifts (almost completely assigned except for the N-terminal tag residues) were 

crucial as initial experimental input for the automatic assignment of NOESY peaks during 

the iterative structure calculations using CYANA. The agreement between the final assigned 

1562 NOESY peak list and the calculated structures was verified by the RPF software 

package (Huang et al. 2005) as indicated in Table 1. Figure 2a shows the superposition of 

the ordered regions of the final ensemble of 20 calculated structures, which have a RMSD of 

0.4 Å for backbone atoms and 1.0 Å for all heavy atoms.
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Figure 2b shows a ribbon representation of the lowest energy structure of human ZαDLM-1 

from the ensemble. All secondary elements in the ensemble were well defined including 

three helices colored yellow (α1: R10-A25, α2: L31-C38, and α3: K42–K54) and three 

strands colored blue (β1: V29-K30, β2: V58-S62, and β3: T65-L68), which were 

sequentially arranged with the order: α1-β1-α2-α3-β2-β3. The overall structure of human 

ZαDLM-1 is winged helix-turn-helix fold. The hydrophobic core was formed with three 

helices packed against three antiparallel β-strands. Helices 2 and 3 formed the helix-turn-

helix unit with helix 1 joined to helix 2 by a short β-strand, β1. The ‘wing’ consisted of the 

C-terminal of helix 3 and the β-sheet formed by three antiparallel β-strands in the order of 

β1-β3-β2.

Discussion and conclusions

Full-length mouse DLM-1 (UniprotKB ID Q9QY24) contains 411 amino acids with a 

molecular weight of 44.3 kDa (Fu et al. 1999), whereas the human counterpart (UniprotKB 

ID Q9H171) has 429 amino acids with molecular weight of 46.3 kDa. While the full-length 

human protein has a sequence identity of 50% to its mouse homolog, its N-terminal domain, 

ZαDLM-1, shares a higher sequence identity of 66%. The human ZαDLM-1 exhibits high 

structural similarity to its mouse counterpart with a small RMSD of 0.79 Å for backbone 

atoms in the ordered region (Fig. 2C). The structural alignment reveals that free ZαDLM-1 

exhibits a surface poised for binding to Z-DNA, as well as critically positioned charged and 

polar residues on helix-3, a characteristic that is also found in the other Z-DNA proteins and 

which mediates electrostatic and polar interactions that promote binding to the zig-zag 

phosphodiester backbone of the Z-DNA. Similar observations have been made regarding the 

human RNA editing enzyme ADAR1 as well (Schade et al. 1999). The structural similarities 

support that human ZαDLM-1 plays a similar role in Z-DNA binding as its mouse 

counterpart.

Sequence conservation of the ZαDLM-1 family was analyzed using ConSurf (Ashkenazy et 

al. 2010; Glaser et al. 2003). Sequence alignment of five ZαDLM-1 homologs is shown in 

Figure 3a with secondary structural elements for human ZαDLM-1 depicted above the 

sequence alignment and conserved residues colored red. As indicated in Figure 3b, all 12 

conserved residues appear in the ordered region. These conserved residues likely play an 

important role in maintaining the protein fold and for recognition of Z-DNA. Electrostatic 

surface potentials computed using APBS (Baker et al. 2001) show that six positively 

charged residues are present in the region of Z-DNA binding (Fig. 3C) based on overlay 

with the structure of the mouse ZαDLM-1 bound to Z-DNA. The crystal structural of mouse 

ZαDLM-1 bound to Z-DNA showed that three residues N46, Y50 and W50 made up the core 

protein-DNA binding interface, and conserved positively charged residues such as K42 and 

K43 played a role in contacting the RNA sugar-phosphate backbone (Schwartz et al. 2001). 

By sequence and structure alignments, all these residues are identical in both the mouse and 

human homologs except for R43 in human ZαDLM-1 that is conserved as K43 in the mouse 

and other mammalian homologs.

In summary, the proposed biochemical function of human ZαDLM-1 involved in Z-DNA 

binding is supported by its structural similarity to other authenticated Z-DNA binding 
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proteins. Furthermore, based its the structural similarity to mouse ZαDLM-1, the human 

ZαDLM-1 exhibits a surface that is not only complementary to the structure of Z-DNA and 

which is poised to bind to Z-DNA, but that also exhibits several charged and polar residues 

correctly positioned to make electrostatic and interactions with the zigzag conformation of 

phosphodiester backbone of Z-DNA in the region of α3 and β-hairpin (β2 and β3). These 

same charged and polar residues likely drive the B-DNA to Z-DNA transition observed for 

Z-DNA binding proteins (Kang et al., 2009) by promoting initial weak binding to B-DNA 

through non-optimal electrostatic and polar interactions due to the differences in the B-DNA 

shape in comparison to the optimal Z-DNA structure, which is followed by the 

conformational transition to the relatively high energy Z-DNA structure that is associated 

with very tight binding.
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Fig. 1. 
Assigned 1H-15N HSQC spectrum of 13C, 15N-labeled human ZαDLM-1 (1.0 mM) in NMR 

buffer collected at 298 K. Assigned side chain resonances of Arg (Hε/Nε, aliased), Trp 

(Hε1/Nε1), and side chain resonances of Asn and Gln (Asn Hδ2/Nδ2, and Gln Hε2/Nε2) are 

indicated.
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Fig. 2. 
a Stereoview of the superimpositions of the 20 lowest energy structures of human ZαDLM-1. 

The three α-helices are colored yellow, three β-strands colored blue, and the N-terminal tail, 

C-terminal tail and loop regions are colored grey. The N-terminal hexaHis tags 

(MGHHHHHHSH) and the last five residues in C-terminus are not shown for clarity. b 
Ribbon diagram of the lowest energy structure of human ZαDLM-1. All secondary structural 

elements and N- and C-termini are labeled. c Overlay of ribbon structures of human 

ZαDLM-1 (yellow, lowest energy structure) and mouse ZαDLM-1 (cyan, PDB ID 1J75). 

Backbone RMSD in the ordered region (table 1) is about 0.79 Å (structure representative 

with the lowest energy for human ZαDLM-1).
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Fig. 3. 
a Multiple amino acid sequence alignments of ZαDLM-1 in various mammalian organisms 

performed using clustalw2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/). The sequence 

numbers and secondary structural elements of human ZαDLM-1 are indicated. α-helices are 

represented by tubes and β-strands by arrows. Highly conserved residues with score of 9 are 

color red. ConSurf analysis was performed using the first structure of human ZαDLM-1 as a 

query for homologs search with an E-value cut-off of 0.0001, maximal and minimal 

sequence identity of 95% and 35%, PSI-BLAST iteration number of three using a non-

redundant sequence data bank. 49 unique sequences out of 80 PSI-BLAST hits were used 

for the conservation score calculation. b Amino acid conservation mapped onto the lowest 

energy NMR structure by Consurf analysis. c Solvent exposed electrostatic potential 

mapped onto the surface of human ZαDLM-1, computed for the first model of human 

ZαDLM-1 ensemble with the lowest energy using the APBS software package. Positively 

charged residues are indicated. The structure orientation is identical to that in b.
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Table 1

Structure statistics for human ZαDLM-1
a

Conformationally-restricting constraints b

 Distance constraints

  Intra-residue (i=j) 283

  Sequential (|i-j|=1) 368

  Medium-range (1<|i–j|<5) 397

  Long-range (|i–j|≥5) 514

  Total 1562

 Hydrogen bond constraints

  Long-range (|i–j|≥5)/total 10/44

 Dihedral angle constraints 94

 NH RDC constraints (PEG/gel) 49/46

Residue constraint violations b

 Average number of distance violations per structure

  0.1–0.2Å 2.45

  0.2–0.5 Å 0.3

  >0.5Å 0

  Average RMS distance violation/constraint (Å) 0.01

  Maximum distance violation (Å) 0.24

 Average number of dihedral angle violations per structure

  1–10° 1.55

  >10° 0

  Average RMS dihedral angle violation/constraint (degree) 0.3

  Maximum dihedral angle violation (degree) 3.4

  RDC Qrmsd (PEG/gel) 0.17/0.16

RMSD from average coordinates b,c

 Backbone /Heavy atoms (Å) 0.4/1.0

Ramachandran plot statistics b,c

 Most favored regions (%) 99.6

 Allowed regions (%) 0.4

 Disallowed regions (%) 0

Global quality scores(raw/Z-score) b

 Verify3D 0.38/−1.28

 Prosall 0.96/1.28

 Procheck(phi-psi) c 0.28/1.42

 Procheck(all) c 0.25/1.48

 Molprobity clash 14.29/−0.93

RPF Scores d

 Recall 0.98

 Precision 0.94

J Biomol NMR. Author manuscript; available in PMC 2015 November 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Yang et al. Page 13

 F-measure 0.96

 DP-score 0.88

a
Structure statistics were computed for the ensemble of 20 deposited structures.

b
Calculated using PSVS 1.4 program. Residues (6–74) were analyzed.

c
Ordered residues ranges (with sum of phi and psi > 1.8): 10–62, 65–68.

d
RPF scores reflected the goodness-of-fit of the final ensemble of structures including disordered residues to the NMR data.
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